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Abstract
In order to survive, an organism must be able to receive, integrate, and respond
to sensory stimuli. However, the cellular basis of sensory perception and response is
difficult to study in complex animals such as humans, and is therefore poorly
understood. The nematode Caenorhabditis elegans is a relatively simple organism yet
displays many distinct behaviors, making it an ideal system to understand the
relationship between gene function, cell shape, cell physiology, and behavioral output.
Much of the thermosensory and chemosensory information that the nematode receives
from its sensory neurons is processed via a pair of interneurons called AIYL and AIYR.
In wild-type animals, the AIY cell bodies lie just posterior to the pharynx, and extend an
anterior process that contacts its contralateral partner at the base of the nerve ring. The
AIYL and R processes then diverge and extend around the nerve ring, ultimately
making contact again on the dorsal side of the animal via a gap junction. We previously
showed that the Eph receptor tyrosine kinase VAB-1 is required for AIY cell body
placement and ventral AIYL/R contact. Conversely, the ephrin EFN-4 is required for
dorsal AIYL/R connectivity. We have extended these studies and show that the AIYL/R
ventral contact is mediated via the ephrin gene efn-1. In addition, we show that this
connectivity requires both VAB-1 kinase activity and also a non-kinase dependent VAB1 function. Preliminary tissue specific rescue experiments suggest that the development
of the ventral gap is partially cell-autonomous.
To integrate AIYL/R morphology and function with behavior, we are using
WormLab software to image and analyze EphR/ephrin mutants both on and off food.
Wild-type animals search for food using long “runs” interspersed with reversals and

~170-degree “omega” turns. We find that vab-1 mutants lack the ability to perform
straight runs, although they can perform omega turns normally. Instead, they display a
strong circling locomotion, both on and off food. When EphR/ephrin pathway mutants
are conditioned in a 150mM NaCl environment with food, then assayed on a food-free
NaCl gradient, vab-1, efn-1 and efn-4 mutants all display normal chemotaxis towards a
point NaCl source, suggesting no overt defects with NaCl conditioning and chemotaxis.
We are currently investigating neuromuscular junction morphology in EphR and ephrin
mutants to see if this correlates with dorsal versus ventral locomotion bias. We are also
investigating the Ca2+ signaling in the AIY interneuron in order to determine whether
defects in connectivity between the AIYL and AIYR affect synaptic transmission.

Chapter I: Introduction
The survival of an organism depends on its ability to detect and react to fluctuations
of its internal and external environment (Gray et al. 2005). In multicellular organisms,
detection of these environments usually depends on sensory systems that interpret
environmental factors such as temperature, pH, and presence or absence of solutes.
These sensory structures then interpret these factors and create a signal that
communicates this information to other cells in the organism. Each one of these sensory
inputs must be taken into consideration when the organism responds to the stimuli,
however the information must be integrated in order for the organism to react as a
whole (Summers et al. 2015). How can we seek to understand this complex integration
of sensory information? In higher-order organisms, the integration of these signals can
be a complex process, causing difficulty in mapping consistent connections between
neurons which complicates the study of specific sensory circuits (Driver and Noesselt
2008; Lee and Reid 2011). Nervous system structure is to a large extent
phylogenetically conserved, so we can use simpler organisms to study the circuits
involved in integration of these sensory systems, and the lessons learned can be
applied to more complex organisms ( Katz 2011).

Sydney Brenner specified C. elegans as a new model organism to investigate the
nervous system because he saw a lack of a simple model to dissect the genetic
specification of a nervous system. Although Drosophila melanogaster can be used for
this purpose, the fruit fly has 250,000 neurons while the hermaphrodite nematode has
only 302, increasing the ease of study (Lagercrantz et al. 2010). Dr. Brenner

characterized a large number of genes that influence neural development, and
established the basic methods of study that have been common in C. elegans research.
The information that he published allows for sophisticated genetic experiments to be
performed, however the comparative neural anatomy work that can be done with C.
elegans is possible because of the work of John G. White, who mapped the morphology
and connectivity of the entire C. elegans nervous system (Brenner 1974; White et al.
1986). The cell lineage of C. elegans is invariant, so the map of the nervous system that
Dr. White made can be referenced against every C. elegans nematode. It is possible
therefore to compare nervous system development between worms with only single
gene differences. Combined with the transparent nature of the animal and the ease in
which fluorescent markers can be expressed, C. elegans has emerged as a powerful
system in which to answer genetic, anatomical and physiological questions about the
nervous system.

C. elegans nervous system
C. elegans exists primarily as a self-fertilizing hermaphrodite which has a nervous
system consisting of 302 neurons. Males can also arise at a frequency of <0.2%, and
contain additional male-specific neurons that bring the total neuron count up to 385
(Corsi et al. 2015; Lints and Hall 2009). These neurons can be broadly separated into 3
functional groups: sensory neurons, interneurons, and motor neurons. Most of the
neurons of C. elegans have their cell bodies situated surrounding the pharynx, a
structure composed of a linear tube marked by two bulbs. The main mass of nervous
system tissue is organized around the central region of the pharynx in the nerve ring, a

dense collection of neuropil composed of a large number of nerve fibers. This nerve ring
is the site of many of the connections between neurons in the sensory system and
beyond. The cell bodies in the head of the worm are arranged in well-defined ganglia
both anterior and posterior to the nerve ring, however there seems to be no functional
correlation to the grouping of cells into particular ganglia (White et al. 1986).

The nerve ring receives sensory input from the anterior sensory neurons of the
worm whose cell bodies are located in the anterior region of the pharyngeal bulb and
send dendritic processes up into the nose of the animal, terminating in ciliated endings,
which in some cases are partially exposed to the external environment. These cells also
possess axons which collectively send 6 nerve bundles into the nerve ring (Figure 1A)
(Bargmann 2006; Inglis P.N. et al 2007). With these cell projections C. elegans can
detect thermal information, touch, and many different types of chemical odorants. The
sensory neurons each have different “detection” functions although there may be some
functional overlap. For example, most thermosensory information is sensed by the AFD
sensory neurons, however the AWC sensory neurons, normally characterized as
odorant sensing neurons, also react to heating and cooling and have been found to
have secondary effects on temperature sensation (Kuhara et al. 2008). Similarly, the
ASH sensory neurons detect aversive chemical and osmotic stimuli as well as
mechanical stimulation of the nose (Kaplan and Horvitz 1993). Sensory neurons with
multiple activation states contribute to the responsiveness and complexity of this
superficially simple system.

Figure 1: C. elegans neural wiring (A): Neural anatomy of the C. elegans nematode. Adapted from Fang
Yen (2015) (Fang-Yen, Alkema, Samuel 2015). (B): The left and right AFD, ASE, and AWC sensory
neurons have the majority of synaptic inputs to the respective AIYR and AIYL interneurons. Thick blue
arrows imply strong synaptic connections (>6) while dashed arrows implies weak synaptic connections
(<6). (C): A simplified model of the C. elegans movement circuit. The AIY interneuron receives
information from sensory neurons and transmits it to second layer interneurons, which can influence
command interneurons and regulate behavior.

C. elegans locomotion
Modulation of normal C. elegans locomotion depends on the activation and inhibition
of neurons in the motor circuit pathway. Forward and reverse movement are controlled
by the actions of the B and A motor neurons, respectively. These motor neurons act as
a bistable switch in which each is inhibitory to each other, and the direction of
movement is determined by the summation of inputs to each set of neurons; however,

there is a bias towards forward locomotion (Fig. 1C) (Kawano et al. 2011; Zheng et al.
1999).

The main synaptic inputs to the A and B motor neurons come from the command
interneurons, 5 lateral pairs of premotor interneurons that receive information directly
from the sensory neurons, or from a parallel circuit that moves through the first and
second layer interneurons. The AVB and PVC neurons connect to B and AS motor
neurons and affect forward locomotion, while the AVA, AVD, and AVE neurons connect
to the A and AS motor neurons and affect reverse locomotion (Gjorgjieva et al. 2014).
Initiation of reversals have also been shown to act in a command-interneuron
independent manner, through the RIM neuron. RIM can receive information from the
AIB interneuron and output directly to downstream motor neurons such as the RMD and
SMD, and also neck muscles (Piggott et al. 2011).

C. elegans lie on their side and move in
sinusoidal waves which are achieved by dorsalventral flexures of the body (Fig. 2A). These waves
can propagate in either an anterior-posterior
direction, giving forward motion, or in a posterior to
anterior direction, giving backward motion (White
et al. 1986). These locomotor patterns may be
induced by a central pattern generator (CPG),
however the interaction between this proposed

Figure 2: C. elegans movement. (A): C. elegans lie
on their side and use dorsal-ventral flexures of the
body to propagate sinusoidal movement. Worm
pictured is facing to the right. (B): Worms exhibit
reverse movements and omega turns to change
direction.

generator and sensory feedback that creates these rhythmic bends along the body
remains unclear. One hypothesis for this action is that there are oscillators in the neck
that generate the bends, and then physical, neuronal, or sensory feedback mechanisms
propagate them along the body. Unfortunately, this does not account for backwards
movement, and necessitates the existence of another CPG in the tail. Another
hypothesis suggests that oscillators along the body propagate these rhythmic bends,
however there has been no scientific evidence that such oscillators exist in the
nematode (Gjorgjieva et al. 2014). A more recent model does not include the presence
of a central pattern generator, and suggests that locomotion is driven by proprioception
in motor neurons (Kunert et al. 2017).

C. elegans behavior
Although C. elegans have relatively simple nervous systems, they can exhibit
surprisingly complex yet predictable behaviors. Normal C. elegans behavior can be
described as a ‘biased random walk’ involving long, relatively straight forward
movements called runs, along with turns and reversals (also called pirouettes). During a
biased random walk the nematode interrupts its normal movement dynamics when
attractive or repulsive conditions are encountered. When the nematode detects
attractive conditions, turns and reversals become less frequent and longer runs are
performed, and the nematode may also slow its movement speed. When the
environment becomes less attractive, turns and reversals become more frequent and so
the worm is more likely to reorient itself away from a repulsive stimulus. In this manner,
the direction of travel is biased towards favorable conditions (Gray et al. 2005). The

nematode may also maintain its position in precise favorable conditions by a more
subtle mechanism known as klinotaxis in which the worm biases its runs towards or
away from a stimulus (Iino and Yoshida 2009).

Attraction to, or repulsion from a stimulus is not solely an instinctual trait. C. elegans
have some associative learning paradigms that help guide the search for favorable
conditions. Using the movement dynamics discussed previously, worms can orient
themselves towards or away from a chemical stimulus, in a behavior known as
chemotaxis. Exposure to certain odorants such as butanone in the presence of food can
increase its attractiveness to the nematode and cause it to move towards the stimulus.
In contrast, C. elegans that are exposed to NaCl while in starvation conditions will show
dramatic negative chemotaxis to a salt stimulus (Sasakura et al. 2013). Another
behavior that allows the worm to locate favorable conditions is thermotaxis, the ability
for the worm to find a specific temperature on a thermal gradient to a surprising degree
of accuracy. The worms will remember the temperature at which they were cultivated in
the presence of food, and if placed on a thermal gradient will then find that temperature
and continue to move along that temperature on the agar plate (Luo et al. 2014).

The communication between the amphid sensory neurons that sense this stimulus
and the motor neurons which control movement is a complex pathway which is
modulated by the presence of midstream interneurons that receive and interpret the
sensory information from the amphid neurons. The interconnectedness of these
interneuron networks can be the source of the behavioral complexity that we see in C.

elegans. For example, the AIB interneurons receives sensory information from three
neuron pairs; the ASHs and the AWCs respond to 1-octanol while the ASER neuron
responds to NaCl. AIB interneurons express both excitatory and inhibitory receptors,
allowing for complex sensory information cues to be interpreted in the neuron. For
example, detection of a noxious stimulus might activate the AIB and cause an
avoidance behavior. The detection of food, however, may inhibit the AIB, causing the
worm to override its aversive response and travel towards the noxious stimuli in order to
encounter food (Summers et al. 2015). Functional differences in paired neurons may
also regulate olfactory responses, for example the ASE neurons ASEL is an ON-cell,
stimulated by increases in NaCl concentration, whereas ASER is an OFF-cell,
stimulated by decreases in NaCl concentration (Suzuki et al. 2008). The complexity of
signaling that results from these functionally distinct neurons enables different
combinations of odors to induce different signaling patterns that regulate attractive or
repulsive behaviors (Wes and Bargmann 2001).

AIY Sensory processing
The AIY interneuron is the main synaptic point for many sensory neurons, including
the AFD, AWD, and ASE neurons (White et al. 1986). Interestingly, the majority of
synaptic connections that input into the AIY interneurons conserve left-right connectivity
between the paired input neurons, and much of AIY output to other interneurons
conserves this connectivity (Fig. 1B). Even in sensory neurons that synapse onto both
the right and the left AIY interneurons, the number of synaptic connections from the
same side of the animal is doubled or even tripled compared to synapses across the

midline (White et al. 1986). This means that there is a strong conservation of left-to-left
and right-to-right signaling in the sensory neuron pathway. This is significant because
some sensory neurons like the ASE have a clear separation in function between the left
and right neurons; similarly, the AWCL and AWCR neurons react in opposite fashions in
reaction to noxious heat stimulation, as well as sense different chemicals between them
(Kotera et al. 2016). The AIY interneuron receives this information and, generally in a
left or right conserved manner, outputs it onto other interneurons in the locomotor
pathway. Somewhat surprisingly, the AIY interneuron has asymmetric expression of hlh16 and shows asymmetrical defects in hlh-16 mutants, suggesting a possible functional
asymmetry as well (Bertrand et al. 2011).

The AIYL and AIYR cellular processes have two points of contact, a gap junction on
the dorsal side of the animal, and a ventral contact that is the site of many chemical
synapses to other neurons (Shidara et al. 2013). Although there are other connections
throughout the C. elegans neural network that cross the bridge between the right and
left sides of the nervous system, it is possible that communication between the AIYR
and AIYL facilitates integration of these sensory inputs and allows for multiple sensory
inputs to be interpreted and translated into movement decisions.

C. elegans amphid nervous system development.
Although the C. elegans nervous system is relatively simple, its specification, axon
outgrowth, and synaptic connectivity utilizes many conserved signaling pathways when
compared to higher-order organisms. Some of the major axon guidance cues that are

represented in C. elegans include Netrins, Slit/Robo, Semaphorins, and Ephrin
signaling (Kolodkin and Tessier-Lavigne 2011). The Netrin family is represented by the
UNC-6/Netrin protein, and signals through two receptors, UNC-40/DCC/fra and UNC5/Unc5, which both have homologues in higher organisms. UNC-6 is known to attract
some cells and repel others, and can help establish the connection between neurons
and their post-synaptic partners, such as the AIY/RIA connection (Killeen 2009). slt-1
and sax-3 encode Slit and Robo proteins respectively, and together they act to facilitate
midline, dorsal-ventral, and anterior-posterior axon guidance. This midline repulsion role
for slit is conserved between C. elegans and Drosophila, as well as between vertebrates
and invertebrates (Hao et al. 2001). Semaphorin signaling is represented in C. elegans
by two class 1 transmembrane semaphorins (SMP-1 and SMP-2) and one class two
semaphorin (MAB-20), and can interact with the two plexins that the nematode can
encode, PLX-1 and PLX-2 (Nakao et al. 2007). Semaphorin signaling is necessary to
form proper male sensory structures known as rays. MAB-20 has been shown to work
in concert with EFN-4, a component of the last major axon guidance cue, Ephrins.
Ephrin receptors are an important family of receptor tyrosine kinases that have diverse
activities, including regulating cell proliferation, cell substrate adhesion, intercellular
junctions, cell shape, and cell movement (Pasquale 2008). One important role of ephrin
signaling is in axon guidance, and C. elegans with defective ephrin signaling exhibit
defects in neuronal targeting (Mohamed and Chin-Sang 2006). The Hudson Lab
recently reported that the C. elegans Ephrin receptor mutant vab-1(e2027) exhibits axon
guidance phenotypes in the AIY interneuron that disrupts AIYL and AIYR contact
(Schwieterman et al. 2016). In this thesis, I will use ephrin and ephrin receptor mutants

to separate the left and right interneurons and elucidate the importance of the AIY
interneuron in communication and integration of sensory signals.

Chapter II: Methods
Strain maintenance
C. elegans strains were grown on nematode growth medium plates (NGM Lite)
and streaked with OP50 E. coli according to standard methods (Brenner 1974). All
analyses were conducted at 20°C unless otherwise noted. The following mutations were
used in the course of this work: vab-1(e2) II, vab-1(dx31) II, pha-1(e2123) III, efn-1(ju1)
IV, efn-2(ev658) IV, efn-4(bx80) IV, efn-3(ev696) X, ttx-3(ot22) X, lite-1(e314) X. All
mutations are null mutations with the exception of vab-1(e2) which is a kinase deadallele of the vab-1 gene, and will be referred to as vab-1(kd) throughout the course of
this work. The following transgenes were used in the course of this work: mgIs18 (ttx3::GFP) IV, mIn1mIs14 [myo-2::GFP dpy-5] II, kyEx1489 [ttx-3::GCamP1.0 Coel::GFP],
sraEx281[ttx-3p::chop-2(H134R)::TagRFP + pBX(pha-1(+))]. The following
extrachromosomal arrays were generated in the course of this work: [P-unc-119::efn1+pttx-3::RFP], [P-ttx-3::efn-1+pttx-3::RFP], [P-ttx-3::RCaMP + coel::GFP].
Some strains were provided by the CGC, which is funded by NIH office of research
Infrastructure Programs (P40 OD010440). We also would like to thank Cori Bargmann
for CX8554: kyEx1489 [P-ttx-3::GCaMP Coel::GFP] and the corresponding plasmid.
Microscopy
Neuron morphology was visualized using GFP fluorescent reporters driven by the
AIY cell-specific promoter, ttx-3 (Hobert et al. 1997), known in the remainder of this

paper as P-AIY::GFP. A Zeiss LSM 700 confocal laser scanning microscope was used
to capture z-stack images that were analyzed on ImageJ software (Rasband 2014).
Worms were mounted on 2% agarose pads and immobilized with 10% sodium azide
solution before imaging. AIY interneurons were considered to have a dorsal gap if they
failed to reach their terminal target on the dorsal side of the nerve ring. Interneurons
were considered to have a ventral gap if the axons failed to contact each other on the
ventral side of the nerve ring. Distance of the gap was measured by the Segmented
Line function of ImageJ (Rasband 2014).

Transgenic line generation
Plasmids were transformed into competent E. coli cells using a standard
Addgene protocol, single colonies were grown overnight, and plasmid DNA isolated
using a Qiagen miniprep kit. A restriction enzyme digestion was done to verify the
plasmid identity. To assay for rescue of AIY contact defects, transgenic lines were
generated bearing tissue-specific rescue plasmids in conjunction with a co-injection
marker. Plasmid PCZGY1839 [P-unc-119::efn-1] was obtained by a gracious gift from
the Chisholm lab (University of California, San Diego). The pan-neuronal P-unc119::efn-1 plasmid was injected at 5 ng/µl into N2 worms and then transgenic animals
were crossed into efn-1 mgIs18 mutants. An AIY-specific rescue P-ttx-3::efn-1(PAIY::efn-1) plasmid was also generated and was injected directly into efn-1 mutants at a
10 ng/µl concentration. [P-ttx-3::RFP] (Hobert et al. 1997) was used a co-injection
marker for all rescue experiments.

Statistical Analysis
Proportion data was determined to be significantly different using a Z-test with an
α-level of 0.05. Differences were considered significant if P<0.05 (*), P<0.01 (**), or
P<0.001 (***). Error bars on graphs show the standard error of proportion. Averages
were determined to be statistically different using a t-test. Error bars on graphs show the
standard error. Bonferroni corrections for multiple comparisons were applied when
applicable in order to avoid type 2 errors.

Behavioral analysis
Behavioral videos were captured using the Worm Lab camera system (MBF
Bioscience, Williston, VT USA). Worms were staged such that individuals were young
adults at time of video capture. Capture was performed on 6cm NGM-lite plates, poured
the day before data collection. For assay plates that required an E. coli lawn, plates
were streaked with the bacteria on the same day. To prevent worms escaping to the
edge of the plate and removing themselves from the camera field of view, 6cm diameter
rings of copper wire were heated and melted into the agar on the perimeter of the plate.
When worms encounter the copper they perform a reversal/omega bend and move in a
different direction. Movement data was not collected during this copper avoidance
behavior. For worms that were assayed both on and off of food, subjects were first
placed in the middle of the E. coli lawn and behavioral recording was begun after a 1minute acclimation period. After recording behavior for 10 minutes, the worm was
removed and washed of residual E. coli in M9 salt solution, then pipetted onto a copperringed agar plate without food. After 1 minute, a 10 minute behavioral recording was

taken. When applicable, the AIY morphology was then recorded using confocal
microscopy.

Worm behavior videos were automatically tracked and analyzed using the
WormLab software (MBF Bioscience, Williston, VT USA). After manual correction of
tracking errors, head bend angle, speed, omega bend, and reversal data was exported
into Microsoft Excel for analysis. For head bend analysis, frames with bend angles
higher than 95° were assumed to be part of an omega bend or turn, and so were not
included in determination of bending angle bias. Dorsal and ventral head bend angles
were separately averaged over the 10 minute video, and the difference between those
averages was recorded as the bending angle bias.

Optogenetics
The calcium ion (Ca2+) is known to be the main charge carrier of membrane
potential change in neurons of C. elegans (Goodman et al. 1998), so to image
membrane potential changes in vivo, we used the Ca2+ reporter RCaMP (Akerboom et
al. 2013). pttx-3::RCaMP plasmids were injected into N2 worms at a concentration of
50ng/ul with coel::GFP [punc-122::GFP] at 25ng/ul as a coinjection marker. Worms
were immobilized for optogenetic measurement using a commercially available polydimethoxysilane (PDMS) microfluidic device (MicroKosmos). These microfluidic devices
immobilize the head of the nematode so that RCaMP fluorescence recordings can be
performed. To this microfluidic device, we attached a peltier block and modulated the
temperature that the worm experienced. It has been shown that increases in

temperature past the temperature in which the worms were cultivated will induce firing
in AFD and AWC sensory neurons (Biron et al. 2008; Hawk et al. 2017). Two patterns of
temperature assessment were assayed, one in which the worms were both cooled and
heated in the course of the 30-second recording, and another in which the worms
cooled for 20 seconds and were then recorded while being heated for half of the 30
second recording. Optogenetic response was visualized using the observed
fluorescence in a region of interest, which in the AIY is the site of ventral contact, which
exhibits most of the calcium dynamics (Clark et al. 2006). Background fluorescence was
subtracted, and fluorescent response was graphed using ΔF/F0, where F0 is the
average of the first 14 frames of the recording.

Chapter III: The effect of Ephrin signaling on neuronal development
Eph receptors constitute the largest family of receptor tyrosine kinases (RTKs)
(Klein 2012). The role of Eph/Ephrin signaling is complex, and varies widely within and
between organisms. Ephrins are highly expressed in the brain, but ephrin signaling
plays an integral role in many other tissues. Typically, Eph receptors and ephrins are
used for contact-dependent communication between cells to control cell morphology,
adhesion, movement, proliferation, and differentiation (Lisabeth et al. 2013). Eph
receptors and ligands can be divided into two subclasses: EphA receptors typically bind
glycosylphosphatidylinositol-linked (GPI-linked) ephrin A proteins, while EphB receptors
bind to transmembrane ephrin B proteins. There are nine EphA receptors in humans,
which can bind any of five ephrin B ligands, and five EphB receptors which can bind any
of three ephrin B ligands (Lisabeth, Falivelli, Pasquale 2013). Some receptor-ligand
promiscuity has also been reported, in which an Eph receptor binds both ligand
subclasses (Klein 2012). Activation of the Eph receptor by the ligand causes it to
oligomerize with other Eph receptors and undergo trans-phosphorylation (Lisabeth,
Falivelli, Pasquale 2013). Interactions between phosphorylated Eph receptors and
intracellular proteins then begin intracellular signaling cascades that influence behavior
in a cell.
The interaction between Ephrins and their receptors have been shown to produce
both forward and reverse signaling. Reverse signaling propagated by the entirely
extracellular ephrin A proteins involves interactions between the ephrin and co-localized
transmembrane proteins (Xu and Henkemeyer 2012). Forward signaling of the Eph
receptor usually involves kinase activity that initiates intracellular signaling cascades,

however kinase-independent activities of the Eph receptor have also been
demonstrated (Grossman et al. 2013).
In C. elegans, there is only 1 ephrin receptor (VAB-1) and 4 ephrins (EFN-1-4).
Loss of function mutations in many of these ephrin receptor and ephrin genes can
cause developmental and body morphology-defective phenotypes (Wang et al. 1999).
The VAB-1 ephrin receptor is equally similar in sequence to the EphA and EphB
receptor, while the ephrin ligands are GPI-anchored and so are structurally similar to
ephrin A ligands (Chin-Sang et al. 1999; George et al. 1998).
The VAB-1 Eph receptor and EFN-1 receptor have been implicated in axon
guidance, as has the divergent ephrin EFN-4 (Grossman et al. 2013; Schwieterman et
al. 2016). VAB-1 acts with EFN-1 to prevent aberrant axon crossing at the ventral
midline, while EFN-4 can act in a distinct pathway to promote proper axon branching
and guidance. In this study, we will be assaying the effect of ephrin signaling on the AIY
sensory interneurons, an important part of the C. elegans sensory neural network. By
understanding the effect of ephrin signaling on the development of this unique neuron,
we will attempt to increase our knowledge of how ephrin signaling affects neural
development in other organisms.

Results
In Wild-type nematodes, AIY interneuron pairs have their cell bodies just
posterior to the secondary bulb of the pharynx. The axonal projections from each cell
body then project anteriorly and contact on the ventral side of the animal. These
projections then separate and project dorsally around the pharynx, finally meeting again

on the dorsal side of the animal (Fig. 3A).
The ventral contact is the site of multiple
chemical synapses, and in previous work it
has been found that electrical activity can
only be measured here in the axonal
projections and not in the cell bodies
(Chalasani et al. 2007; White et al. 1986).
The dorsal contact is the site of a gap
junction between the AIYL and AIYR
interneurons (White et al. 1986).

Figure 3: Ephrin signaling contact defects. (A): The
position of the AIY interneuron in the anterior portion
of the C. elegans nematode. (B): Wild-type
morphology of the AIY interneuron, captured on a
confocal microscope using pAIY::GFP. The worm is
positioned similarly to the diagram in Fig. 1A, wherein
the anterior of the worm is on the left of the image.
Green arrows indicate ventral contact, while red
arrows indicate dorsal contact. (C) AIY Interneuron
morphology in a vab-1 mutant background. Green
arrows indicate the ventral gap phenotype (D) AIY
interneuron morphology in an efn-1 mutant
background. Green arrows indicate the ventral gap
phenotype. (E): AIY interneuron morphology in an
efn-4 mutant background. Red arrows indicate a
dorsal gap phenotype.

Previous work has shown that
disruption of ephrin signaling can induce
amphid axon guidance defects
(Grossmanet al. 2013). We used a PAIY::GFP reporter to express GFP
exclusively in the AIY interneurons in order
to assay neurodevelopmental defects in

ephrin/ ephrin receptor mutants. It has been well characterized that the VAB-1/EFN-1
receptor-ligand interaction is responsible for amphid axon outgrowth (Grossman et al.
2013), although its effect on other neuron types is not well described. We found that
loss of the vab-1 gene induces AIY ventral contact defects in 54% of the mutant
population (Fig. 4A). 60% of efn-1 mutants exhibit the same phenotype, suggesting that

vab-1 and efn-1 may interact in the same pathway to control the guidance of the AIY
axonal projections to their ventral contact. The vab-1; efn-1 double mutant shows no
significant difference compared to efn-1 or vab-1 (Fig. 4A), further suggesting that these
genes act in the same pathway.

Figure 4: Ephrin Signaling and Interneuron development
(A): Proportion of nematodes that exhibit a ventral gap phenotype in ephrin receptor and ephrin ligand
mutants. In AIY interneuron example, ventral gap is marked by green arrows. vab-1, efn-1, and the vab-1;
efn-1 double mutant are all not significantly different from one another. efn-3 nematodes show no AIY
ventral contact defects, and the efn-1;efn-3 double mutant shows no enhancement of the ventral contact
defect phenotype. A significantly smaller proportion of efn-4 nematodes exhibit the ventral gap phenotype
(B): Proportion of nematodes that exhibit a dorsal gap phenotype in ephrin receptor and ephrin ligand
mutants. In AIY interneuron example, dorsal gap is marked by red arrows. The proportion of nematodes
that exhibit dorsal contact defects is significantly higher in efn-4 nematodes than in any of the other ephrin
receptor or ligand mutations. P<0.05 (*), P<0.01 (**), or P<0.001 (***).

To determine whether this axon guidance defect is solely dependent on the vab1/efn-1 pathway, we also assayed other ephrin genes. If mutation of one of the other

ephrin ligands exhibits the same ventral contact phenotype, then we can infer that this
ephrin ligand is also a part of the signaling pathway that guides AIY axons to their
targets. We assayed efn-3 mutants and saw no AIY contact defects, and an efn-1; efn-3
double mutant showed no significant amplification of the ventral contact defect. This
suggests that the efn-3 gene is not involved in the axon guidance of the AIY
interneuron. Unfortunately the efn-2 gene and our ttx-3::GFP marker lie too close
together on chromosome IV to allow recombination between the two genes (zero
recombinants from >100 efn-2 (+) /(+) ttx-3::GFP trans-heterozygotes), hence we were
unable to assay the effect of efn-2 on AIY neural development.

Only 23% of efn-4 mutant nematodes assayed were ventral contact defective
(Fig. 4A), however a much larger proportion of worms (39%) showed a dorsal contact
defect in which the AIY interneurons contact on the ventral side of the animal, but the
projections sent into the nerve ring around the pharynx do not meet on the dorsal side
of the animal (Fig. 3E). Only 1.6% of the vab-1 population exhibits this phenotype and
efn-1 mutants showed only 6% penetrance, which indicates a separate, non-canonical
signaling pathway involving the efn-4 ligand which determines dorsal contact formation
(Schwieterman et al. 2016).

Figure 5: Kinase-independent function in AIY interneuron development. (A): Proportion of nematodes
that exhibit a ventral gap phenotype in vab-1 null and kinase dead mutants, as well as the efn-1 mutant.
Significantly less vab-1(kd) mutants exhibit ventral contact defects compared to vab-1 or efn-1 (B):
Proportion of nematodes that exhibit a dorsal gap phenotype in vab-1 null and kinase dead mutants, as
well as the efn-1 mutant. There was no significant difference between vab-1(kd) nematodes and the vab1(null) P<0.05 (*), P<0.01 (**), or P<0.001 (***).

Ephrin receptor signaling can have many different signaling modalities, which
add to the potential complexity of function in nervous system development. Along with
normal forward signaling that is a result of Ephrin receptor tyrosine kinase activity,
Ephrin receptors have been shown to exhibit kinase-independent functions as well
(George et al. 1998; Grossman et al. 2013). If AIY interneuron development requires
kinase-independent mechanisms, then we would expect nematodes in which the ephrin
receptors have non-functional kinase domains to have milder phenotypic expression
than nematodes with an ephrin receptor knockout. To assay this in the AIY
interneurons, we analyzed the AIY contact defects in vab-1(kd) mutant worms. vab1(kd) is an allele of the vab-1 mutation in which kinase function of the VAB-1 receptor is

inactive, allowing for receptor-ligand interaction but no signal transduction into the
receptor-expressing cell (George et al. 1998). In kinase-dead mutants forward signaling
is inactive, so in theory any observable effect of receptor-ligand interaction must be a
consequence of reverse signaling. vab-1(kd) nematodes exhibited a milder ventral
contact gap phenotype than vab-1 null nematodes (Fig. 5A), indicating that AIY ventral
contact development depends on both kinase-dependent forward signaling pathways
and kinase-independent reverse signaling pathways. We also analyzed the vab-1(kd);
efn-1 double mutant and observed that the proportion of the sample population with the
gap phenotype is no longer significantly different from efn-1 mutant worms, which gives
further credence to the hypothesis that EFN-1 signaling is required for AIYL-to-R ventral
contact.

Figure 6: Cell-specific rescue experiments. (A): efn-1 driven from an AIY-specific promoter slightly but
significantly rescues ventral contact defects, while efn-1 driven from the unc-119 pan-neuronal promoter
does not significantly rescue the ventral contact defect. (B): Neither the pan-neuronal or AIY-specific
transgene rescued dorsal contact defects. P<0.05 (*), P<0.01 (**), or P<0.001 (***).

To determine whether the action of EFN-1 signaling on the AIY interneuron is
cell-autonomous or not, we performed tissue-specific rescue experiments. If we can re-

express the efn-1 gene in a particular tissue and rescue the phenotype, we can assume
that ephrin signaling is required in that tissue to properly guide AIY interneuron axon
formation. We performed two experiments, one in which the efn-1 gene was expressed
from the unc-119 promoter, which is expressed pan-neuronally. In the second
experiment, the efn-1 gene was expressed from the ttx-3 promoter, which is specific to
the AIY interneuron. We saw a small but significant rescue of the phenotype in the
pAIY::efn-1 transgene, but no rescue with the unc-119::efn-1 pan-neuronal transgene
(Fig. 6A). From this, we can deduce that a portion of AIY outgrowth is mediated by EFN1 signaling in the AIY neuron specifically, but expression on the neuron itself does not
totally regulate proper AIY interneuron outgrowth, nor does efn-1 expression on all
interneurons rescue this phenotype. In fact, pan-neuronal expression of efn-1 tends to
introduce much more severe AIY interneuron developmental defects in our assay
worms (Fig. 7C).

Figure 7: AIY morphological defects of cell-specific rescue experiments. White arrows indicate the ventral
contact point or location of ventral contact defect, white wedges indicate dorsal contact point. Images
were visualized using pAIY::GFP. (A): Wild-type AIY morphology. (B): efn-1 mutant AIY morphology. Cell
bodies are displaced and the ventral contact is absent. (C) pAIY::efn-1 rescue AIY Morphology. Cell
bodies are more severely displaced, and axon guidance is twisted in appearance. (D): panneuronal
Punc-119::efn-1 rescue AIY morphology. Cell bodies are displaced, axons show aggregates of
fluorescent proteins..

Conclusions and Discussion
Although axon guidance is a complicated process that requires the input of many
developmental genes, we have found an example of a single-gene mutation that causes
a very distinct phenotype in AIY interneuron development. The loss of the vab-1 ephrin
receptor or the efn-1 ligand prevents contact between the AIYR and AIYL interneurons
on the ventral side of the nematode (Fig. 3C-D). This ventral connection is the site of
many chemical synapses that input into the AIY interneuron, so it is possible that
misplacement of this region has an effect on the propagation of signals from the
sensory neurons into the interneuron network, and eventually into the motor circuit.
Although it has been reported that vab-1 mutants show developmental defects in
amphid neurons (Grossman et al. 2013; Zallen et al. 1999), the complexity of the nerve
ring makes it difficult to determine specific defects in synaptic connectivity between
amphid neurons. Exploration of the effect of ephrin signaling on the other neurons in the
sensory circuit and the development of synapses between these neurons is required to
confirm that connectivity is disrupted.

The C. elegans interneuron network is important for integrating multiple sensory
inputs (Summers et al. 2015). We have also observed that mutations of the efn-4 ligand
can remove the dorsal gap junction that connects the AIYR and AIYL interneurons. As
much of the sensory information that the AIY interneurons received is propagated in a
left-to-left and right-to-right manner (Fig. 1B), we hypothesize that this gap junction is
important for integrating information from the left and right sides of the animal. It is
unclear what role of left-right integration plays in the C. elegans sensory circuit, so
analyzing the effect of these disruptions on behavior and circuit dynamics will increase
our understanding of how information processing works in the nematode.

Reverse signaling in GPI-linked ephrin A ligands is not very well understood. In
humans, integrins as well as neurotrophin receptors TrkB and p75NTR are thought to
be co-receptors for ephrin A that transduce signals into the cell (Xu and Henkemeyer
2012). In C. elegans there are no clear transmembrane co-receptors that interact with
EFN-1, however data does suggest that there is reverse signaling present in axon
guidance, and we can see the evidence of this in our ventral contact phenotype (Fig.
5A) (Grossman et al. 2013). Since we can clearly assay kinase independent function of
the EphR/Ephrin ligand interaction using AIY morphology, we could possibly use this
phenotype to explore reverse signaling; for example, if there were proposed coreceptors we could knock them out in a vab-1(kd) background to see whether the
penetrance of the ventral contact defect is still milder than the vab-1 null mutant. If the
effects of reverse signaling are absent, then we can hypothesize that we have chosen
the correct co-receptor that acts with EFN-1.

Although preliminary rescue experiments show a slight rescue of the dorsal
contact phenotype when reintroducing the efn-1 gene under the control of an AIY cellspecific promoter, the incomplete rescue indicates that the effect of ephrin signaling on
AIY development is only partially cell-autonomous. The pan-neuronal unc-119 promoter
did not rescue the phenotype (Fig. 6A), therefore ephrin signaling that determines
proper AIY interneuron morphology requires more than expression in the entire nervous
system. Expression levels of our transcript is also variable in the transgenic animals, so
it is difficult to determine whether decreasing the expression of the efn-1 gene would
result in rescue, or fewer neomorphic axon guidance defects (Fig. 7C). Grossman et.
al. found that efn-1 rescued amphid neuron defects when expressed with the from the
early pan-neuronal unc-33 promoter (Grossman et al. 2013), so further rescue
experiments should be performed to fully determine the tissue-specificity of efn-1 in the
development of the AIY interneuron.

Chapter IV: The effect of ephrin signaling on behavior
C. elegans behavior depends on many different factors that all combine to influence
the movement dynamics at any given time. The worm takes in many different sensory
signals such as temperature, chemical signals, touch, and even light information to
determine whether its normal movement should be changed (Bargmann 2006; Bhatla
and Horvitz 2015; Garrity et al. 2010; Inglis P.N. et al. 2007). C. elegans exhibit
stereotyped behaviors in order to remain in favorable conditions or avoid unattractive
conditions. Typically, when an animal senses unfavorable stimuli it will increase turning
behavior and straight runs in order to remove itself from the area. When it reaches more
attractive conditions the opposite strategy is performed (Tsalik 2003). The synaptic
functions that underlie the switch between these two behavioral states is quite
complicated, and ultimately depends on a combination of sensory inputs that define
favorable or unfavorable conditions.

One way to figure out the neural basis of these behavioral states is to determine the
point of integration between disparate sensory signals. C. elegans neural circuit
diagrams suggest that it is the interneuron network that performs this integration (Tsalik
2003). Much of the sensory information that the worm receives is transmitted into layers
of highly interconnected interneurons and is subsequently transmitted to motor neurons
which control forwards and backwards movement. Disruption of any part of this
pathway—the sensory neurons, the interneurons, or the motor neurons—will disrupt
normal C. elegans behavior. In this study, we will determine the effect that proper ephrin
signaling has on the nematode, both on and off of an E. coli lawn.

Figure 8: Ephrin mutants exhibit a circling phenotype both on and off an E. coli lawn. (A): N2 wild-type
worms. Notice the characterized long forwards run, punctuated by infrequent turns and omega bends.
Worms remain on the bacterial lawn even when exhibiting local search behavior. (B): vab-1 mutants
exhibit a circling phenotype in which long runs result in looping on the bacterial lawn. (C): efn-1 mutant
worms exhibit a similar circling phenotype. (D) Wild-type behavior on a blank agar plate. Search behavior
is not restrained by the agar lawn. (E-F): vab-1 and efn-1 exhibit circling behavior off of food similar to
circling behavior on food.

Results
C. elegans exhibit two opposing behavioral states called roaming and dwelling that
will change the frequency of runs, reversals, and turns. In environments where food is
sparse or low quality, roaming animals will move quickly and turn infrequently to explore
their environment. In the presence of adequate food, the dwelling animals will move
slowly and turn more frequently (Flavell et al. 2013). Our vab-1 and efn-1 mutants
exhibited a phenotype that we refer to as “circling behavior” in which they were unable

to perform straight runs, and instead would constantly loop on the plate even in the
presence of food (Fig. 8B-C, E-F). To quantitatively measure this phenotype, we used
the WormLab software to measure the head bend angle of the nematode as it moved
around the plate. Because head bend angle governs movement direction, we can
measure the magnitude of a bending angle bias in one direction in order to quantify the
average level of turning the nematode performs (Figure 7A).

Figure 9: Quantitative measurement of circling phenotype is performed by measurement of head bend
angle. (A): The measurement of head bend angle was done by segmenting the worm into four segments,
then measuring the angle formed by the most anterior two segments. (B): vab-1 and efn-1 mutants exhibit
increased average bending angle both on and off of food. P<0.05 (*) (C): A comparison of bending angle
across genotype off of food. (D): A comparison of bending angle across genotype on food.

On average, wild-type worms showed little inclination to circle, and in fact showed
stereotypical roaming behavior in the first 10 minutes after being placed on an agar

plate, with the presence of bacteria and without. (Fig. 8A, D). When the vab-1 null
mutant was assayed, it was found that many worms would perform this circling behavior
both on and off of food (Fig. 8B, E), and similar behavior was observed in efn-1 mutants
(Fig. 8C, F). When the quantitative head bend angle measurement was performed, we
found that vab-1 mutants had a significantly greater average head bend angle bias than
wild-type worms both on and off of food. Although we saw an increase in head bend
angle in efn-1 mutants both on and off of food, the increase is only statistically
significant on food. We suspect that the lack of statistical significance is due to a bimodal distribution in our data in which efn-1 mutants tend to have either a very low
bending angle bias or a very high bias (Fig. 10C). When averaged, the cluster of low
bias worms prevent the average from reflecting the extent of the phenotype.

Figure 10: Behavioral strategies of C. elegans in ephrin mutants. (A): Speed on and off of food in
wild-type and ephrin mutants. vab-1 mutants move significantly slower than wild type both on and off of

food, while efn-1 mutants only move significantly slower off of food. (B): Average number of reversals in
each 10-minute video. vab-1 mutants reverse more frequently than wild type worms both on and off of
food. (C): Average number of omega bends in each 10-minute video. Both vab-1 and efn-1 worms show
no significant difference in average number of omega bends. P<0.05 (*)

To further explore any behavioral differences between wild type and ephrin mutants,
we also compared other common behavioral strategies. We analyzed the average
speed of the nematode across the 10-minute videos and found was that vab-1 mutants
move significantly slower than wild-type worms both on and off of food. efn-1 mutants
only move significantly slower than wild-type worms off of food (Fig. 10A). vab-1
mutants also reverse more frequently compared to wild-type worms both on and off of
food, while efn-1 showed no significant differences in that regard (Fig. 10B). Finally,
there was no significant difference in the number of omega bends between either our
vab-1 or efn-1 mutants compared to wild-type worms (Fig. 10C).

Conclusions and discussion
Ephrin signaling is an important part of C. elegans nervous system development,
and disruption of this signaling could have consequences more wide-spread than AIY
interneuron development alone. As such, it is possible that the circling phenotype could
be caused by defects in the sensory neuron, interneuron or motor neuron systems, or a
combination of all three.

Figure 11: possible causes of the circling phenotype. Picture of C. elegans adapted from the Nonet lab, Washington
University in St. Louis (A): Defects in development or connectivity of sensory neurons could be influencing the
worm to continually move towards a false positive stimulus, or away from a false negative stimulus. (B): Defects in
integration of sensory information or improper connectivity of first or second-layer interneurons could be causing
miscommunication to the motor neurons. (C): Defects in motor neurons or neuromuscular junctions could be
causing the worm to contract stronger on the ventral side than the dorsal or vice versa, leading to continuous
circling.

Sensory defects in ephrin mutants
The ephrin receptor vab-1 and efn-1 are both expressed in neurons important for
proper transduction of sensory information into the nervous system. During early
embryonic development vab-1 is expressed in many cells, including neuroblasts and
possibly some epidermal precursors. During ventral closure of the epidermis, vab-1 is
expressed in clusters of presumptive neuronal cells. Throughout larval and adult
development, vab-1 expression is localized to the axons of many neurons throughout

the nervous system, and is strongly expressed in amphid neurons, especially the ASI
neurons (George et al. 1998; Grossman et al. 2013). The ephrin ligand efn-1 is also
expressed in neuroblasts early in development, and is expressed in cells adjacent to
vab-1 expressing cells during ventral enclosure. Adult efn-1 expression is restricted to a
set of ventral neurons including AIM, AIY, and AVK (Chin-Sang et al. 1999; Grossman,
Giurumescu, Chisholm 2013).

Along with the AIY interneuron defects explored in the first chapter of this paper,
knockout of vab-1 can also cause amphid commissure guidance defects in which
amphid axons enter the nerve ring improperly (Zallen et al. 1999). Specifically, ASI,
AFD, and AWB neurons can fail to develop properly when efn-1 or vab-1 expression is
removed. Interestingly, there is an asymmetrical bias in amphid outgrowth defects,
suggesting that there could be asymmetrical connectivity defects in ephrin mutants as
well (Grossman et al. 2013). As left-right connectivity is conserved in much of the
sensory circuit, and there are sensory neurons in which function is different between the
left and right neuron in a pair, defects in left-right communication could lead to the
circling phenotype that we see. For example, both AWC and AWE neurons show
asymmetry in stimulation between the left and right neurons in the pair. The ASEL
neuron is an ON-cell, and is stimulated by increases in NaCl concentration, while the
ASER neuron is an OFF-cell, stimulated by decreases in concentration (Suzuki et al.
2008). The AWC neurons is also split between an ON-cell and an OFF-cell, however
determination between which neuron expresses ON-specific receptors is a stochastic
process that differs between individual nematodes (Wes and Bargmann 2001). It has

been shown that optogenetic excitation of the AWCon cell, the ASER cell, or the AIY
interneuron when the head was bent in one direction can induce curving behavior (Fig.
12A) (Kocabas et al. 2012; Satoh et al. 2014). This behavior mimics a process called
klinotaxis, in which worms steer their forward runs towards chemoattractant peaks
without using pirouettes. This steering mechanism is mediated by biasing head turning
towards the dorsal or ventral side of the worm (Iino and Yoshida 2009). Because these
opposing signals from ON and OFF-cells are summed up to create a net activation
signal that indicates change in olfactory information (Suzuki et al. 2008), improper
signaling from either an ON or OFF-cell could be biasing the information transmitted in
one direction, misrepresenting a perceived gradient and causing the worms to perform
constant klinotaxis to such an extent that they exhibit our circling phenotype(Fig. 11A).
At present, we do not know whether signaling is disrupted in this way, although vab-1
mutant worms do show stereotyped asymmetries in guidance defects. Specifically,
ASEL neurons are more likely to have lateral axon defects than the ASER neurons in
vab-1 mutants (Grossman et al. 2013). AWB, ASI, and AFD neurons all show a left
defect bias, and left-right connectivity differences in other neurons may be present as
well. Defects in AFD neurons especially should be explored as a cause, as it has been
shown that ttx-1 mutants exhibit a circling behavior as well (Fig. 12B) (Ryu and Samuel
2002). ttx-1 is expressed only in the AFD neurons and in marginal pharyngeal cells, and
is necessary for specification of the AFD thermosensory neuron fate (Satterlee et al.
2001). This could implicate an important role of proper AFD neurons in correctly guiding
the bending angle of the worm.

Figure 12: Defects in amphid neuron signaling show circling-like phenotypes. (A) Asymmetric optogenetic stimulation
of the AIY interneuron induces curving towards neural stimulus (adapted from Kocabas et. al 2012.) (B) ttx-1 mutants
also show circling phenotypes (Adapted from Ryu et. al. 2002).

Interneuron network defects in ephrin mutants
The AIY interneuron is involved in much of the sensory processing of C. elegans and
is also implicated heavily in controlling movement. AIY defectiveness leads to a hyperreversal phenotype and may be important in moving from a local search behavioral
pattern to a roaming behavioral pattern (Gray et al. 2005; Tsalik and Hobert 2003).
Optogenetic excitation or inhibition of the AIY interneuron increases or decreases
dwelling respectively. Phasic optogenetic activation of the AIY interneuron causes the
worms to curve in the direction that the head is bent when the stimulus is applied (Fig.
12A). As such, it is clear that the AIY interneuron alone is important in regulating proper
movement of the nematode. Because we can observe such severe connectivity defects
when ephrin signaling is disrupted (Fig. 4) we can hypothesize that improper function of
the AIY interneuron is directly or indirectly influencing the circling phenotype that we
observe.

The AVK neuron is also an important component of the circuit that modulates
behavioral states, and expresses efn-1 in adulthood (Grossman et al. 2013). The AVK
interneurons are ventral ganglion interneurons whose axons circle the nerve ring and
then run along the ventral nerve cord, and is the interneuron class with the strongest
expression of flp-1, a neuropeptide (Hums et al. 2016). Disruption of AVK development
or flp-1 signaling increased the turning amplitude, which coincides with regions of high
track curvature, and AVK neuronal activity is theorized to suppress turning. If the ephrin
signaling mutants that we assay have a negative effect on AVK signaling or
development, then it is possible that this important suppressor of turning is nonfunctional during C. elegans behavioral strategies, and therefore the nematodes are
exhibiting an unrestrained turning phenotype.

Motor neuron defects in ephrin mutants
The circling behavior that we observe could possibly be the result of defects in motor
neuron function as well. The neural circuits in the head and neck provide most of the
steering during locomotion, but information about specific function is still being collected
(Gjorgjieva et al. 2014). The most important neurons in the head and neck are the RIM,
RIV, RMF, RMG, and RMH bilaterally symmetric neurons, as well as the RME, SMB,
URA, and IL1 neurons. As reported by Gray et al., ablation of SMB neurons leads to
loopy sinusoidal movement, and ablation of ventral members of several head motor
neuron classes resulted in a gentle curvature of forward movement over the course of
several head bends (Gray et al. 2005). Asymmetric stimulation of the RME, and SMB

neurons can also cause turning, similar to asymmetric stimulation of the AIY interneuron
(Fig. 12A) (Kocabas et al. 2012). In theory, defects in neuromuscular signaling of either
the dorsal or ventral motor neurons could also create a circling phenotype. If one side of
the animal is contracting more strongly than the other, than it is possible that the
stronger contractions could lead to a circling phenotype, almost like a ‘limp’ in the
sinusoidal movement. Synaptic puncta are slightly enlarged on the ventral and dorsal
nerve cord in vab-1 mutants, with the effect slightly stronger on the dorsal cord (B.
Ackley, unpublished). This asymmetrical defect in synaptic connectivity could be
causing the dorsal nerve cord to contract more strongly than the ventral nerve cord,
leading to our circling phenotype. The efn-1 gene is also expressed in head neurons
and dorsal and ventral nerve cords during development (Chin-Sang et al. 1999), so it is
possible that defects in these neurons could be present in our ephrin mutants, and
contribute to the observed circling phenotype.

The vab-1 and efn-1 mutant phenotypes show variability in their penetrance in the
AIY interneuron (George et al. 1998), and it is possible that other defects might also
show this variability, so it is difficult to say for certain which neural defect is the true
cause of this circling phenotype. To determine exact causes, one would need to
determine the extent of the defects in each of the neurons that require ephrin signaling.
Rigorous cell-specific and tissue specific rescue in an ephrin mutant background would
allow for extensive exploration of the cause of this phenotype. An extensive analysis of
synaptic connectivity between target neurons would also be helpful. Once neuronal
morphology and synaptic connectivity defects have been detected, an analysis of the

connectome and current understanding of the circuits that underlie movements could
lead to a definitive answer.

Chapter V: Optogenetic analysis of AIY interneuron signaling
Although C. elegans hermaphrodites have only 302 neurons, the nervous system
shows sufficient complexity for the worm to exhibit complex reactions to stimuli. The
sensory physiology is especially complex; over 10% of the worm’s neurons interpret
sensory information, and even more are involved in processing and communication with
the motor circuit (White et al. 1986). John White’s nervous system connectome gives us
information about which neurons physically connect with each other, but true
understanding about how the nervous system works not only requires data about
connectivity, but also the activity of those neurons and how they communicate
information to one another (Lee and Reid 2011; White et al. 1986). Only by taking all of
this information into account can we make valid assumptions about how the nervous
system works in other organisms.

One common method for imaging electrical activity in living organisms is
electrophysiology, or recording electrical information directly from neurons, usually
through a micropipette that can record the electrical potential of the neuron’s
membrane. Electrophysiology in C. elegans is difficult for at least two reasons. First, like
other nematodes the worm has a hydrostatic skeleton, meaning that its body shape is
maintained by fluid pressure, and it’s “skin” is a durable proteinaceous cuticle. Not only
does this cuticle reduce the feasibility of using an electrode, but dissection of the worm
by necessity means a release of hydrostatic pressure which may damage the
preparation of the animal. Second, the small size of the animals means that C. elegans
neurons are small, with cell bodies only 2-3 microns in diameter (Schafer 2006).

Despite these difficulties, researchers have developed electrophysiological preparations
for C. elegans with successful results (Goodman et al. 1998; Goodman et al. 2012). For
those without the skill or equipment to perform electrophysiological recordings, a less
invasive means of determining neural activity involves the use of optogenetic probes.
These fluorescent molecules take advantage of the nematode’s transparent nature to
record neural activity without the dissection necessary in other systems (Fang-Yen,
Alkema, Samuel 2015).

The C. elegans optogenetic toolbox is made up of two technologies, calcium
sensing fluorescent proteins and light activated channels. C. elegans lacks voltage
sensitive Na+ channels, hence the excitability of C. elegans neurons is primarily
mediated by calcium entry through voltage-gated Ca2+ channels. As such, imaging of
calcium flow in the cell bodies or even processes of neurons can give us information
about the activity in that neuron (Schafer 2006). GCaMP is a calcium-sensitive GFP
variant that exhibits at least 10-fold increase in fluorescence in the presence of Ca2+,
and has been extensive used as a calcium sensor to visualize calcium dynamics in the
C. elegans nervous system. Recently, a red-shifted variant called RCaMP was
developed to aid in multi-color manipulations with the most common light activated
depolarizing cation channel, Channelrhodopsin-2 (Akerboom et al. 2013). Using these
tools along with cell-specific promoters, it is possible to activate specific neurons, and
see the effects of activation in real time (Husson, Gottschalk, Leifer 2013). Optogenetic
techniques such as these have been invaluable in determining the functional
relationships between C. elegans neurons. A series of clever experiments using

stimulation were especially useful in exploring the locomotor circuit (Fang-Yen, Alkema,
Samuel 2015). The ability to optogenetically activate or record the activity of individual
neurons in free-moving worms is extremely useful when considering the input of
individual neurons in this circuit. More complicated experiments can even mimic
patterns of excitation in order to artificially induce certain behaviors (Kocabas et al.
2012; Satoh et al. 2014).

In addition to exploring locomotion, synaptic transmission is also a field of study
that benefits from the use of optogenetic tools. The ability to excite a neuron and
simultaneously record the activity of one of its post-synaptic partners allows for nuanced
experiments to be done that explore the signaling modalities of specific neuron pairs. In
this study, we set out to use optogenetic methods to determine the effect of connection
between the AIYL and AIYR interneurons on communication of information downstream
in the sensory pathway.

The ventral plexus of the AIY interneurons exhibits the bulk of Ca2+ flux in these
cells (Chalasani et al. 2007; Shidara et al. 2013). This is unsurprising, as this area is the
site of much of the electrical synapses onto the AIY interneurons from other neurons in
the nerve ring (White et al. 1986). Neurons that synapse onto this ventral contact area
have been implicated in many movement dynamics including local search behaviors
and klinotaxis. We hope to use our optogenetic tools and the morphological defects that
we have discovered in ephrin mutants to further explore the voltage dynamics of this
unique cell morphology (Gray, Hill, Bargmann 2005; Luo et al. 2014; Satoh et al. 2014).

Using calcium sensing reporters, we hope to be able to see the effect of the EphR and
ephrin mutation phenotypes on AIY neuron pair voltage dynamics.

Figure 13: Optogenetic mechanisms to determine AIY physiology. (A): The commercially available microfluidic chip
used to immobilize the worm. (B): While buffer flows from the inlets into the outlet, the worm is placed into the worm
inlet and immobilized. (C): a worm immobilized for viewing. (D): Average ΔF/F0 for the first heat treatment. (E):
Average ΔF/F0 for the second heat treatment.

Results
Optogenetic recording of the interneuron classes is not an easy task. Because of
the interconnectedness of these neural networks and the multiple sensory inputs that
synapse onto one interneuron, it can sometimes be difficult to see the downstream
calcium dynamics when a single sensory signal is detected (Hawk et al. 2017). In our

preliminary optogenetic recordings it has been difficult to see a drastic change in AIY
Ca2+ dynamics when we stimulate the animal with an increase in heat. We performed
two assays, one in which the animal was cooled for 20 seconds before recording began
(Fig. 13D), and one in which the animal was both cooled and heated within the 30
second recording (Fig. 13E). Neither of these temperature changes exhibited change in
ΔF/F0 to the 2-3 fold level that is common in similar optogenetic experiments (Chalasani
et al. 2007; Hawk et al. 2017; Kuhara et al. 2011). This, however, may be product of our
small sample size (N=4). Although amphid sensory neurons usually show very
stereotyped activation patterns when stimulated, the response of the AIY interneuron is
much more stochastic in some cases, and can even be modulated by experience.

Conclusions and discussion
Experiments that have assayed the AIY’s response to olfactory stimulation or
thermosensory stimulation have both found that there is a significant proportion of
animals in which the AIY interneuron does not show a change in calcium dynamics
when the worm is exposed to a stimulus. Chalasani et. al. performed olfactory
stimulation of the worm and measured AIY interneuron calcium dynamics (Chalasani et
al. 2007). He found that although there is a stereotyped response curve that can be
inferred from the data he collected, there are some worms in which interneuron
dynamics differ significantly from the stereotyped behavior (Fig. 14D-E).

Hawk et. al has shown that calcium dynamics of the AIY interneuron depend on
the cultivation temperature. When cultivated at 20° only ~56% percent exhibited a

response to a change in temperature after being held at 20° for 30 minutes (Fig. 14B).
When the cultivation temperature was higher than the holding temperature the AIY
interneurons responded more often (~68%, Fig. 14C) and when cultivated at a
temperature lower than the holding temperature only ~36% of the AIY interneurons
responded to the stimulus (Fig. 14A) (Hawk et al. 2017). As this work is analogous to
the experiments that we are performing, we would expect that around 56% of our
worms would show a response to the increase in temperature that we subject them to in
our methods, however for a significant proportion of those worms the response is very
weak, and may not be detectable by our optogenetic setup. One solution may be to
cultivate our worms at a higher temperature, so as to increase the chance of observing
this response.

Another possible way of observing calcium dynamics in our wild-type and ephrin mutant
worms is to express a Channelrhodopsin on the either the AIY interneuron itself or an
upstream neuron like the AFD or AWC. Direct activation of the AIY interneuron would
be preferential, and in fact a ttx-3:: RCaMP; sraEx281 [ttx-3::chop-2(H134R)::TagRFP +
str-2::TagRFP+Pbx(pha-1(+))] strain has already been made, in which both
channelrhodopsins and calcium reporters are expressed in the AIY interneuron. Using
the simultaneous excitation of the AIY and calcium dynamics recording we can easily
observe normal AIY excitation patterns, and using our ephrin mutations compare those
excitation patterns to worms that have either dorsal or ventral gap phenotypes.

Figure 14: AIY interneuron calcium imaging is not stereotypical. (A-C): AIY interneuron calcium imaging during
temperature increase (Adapted from Hawk et. al. 2017) (D-E): AIY interneuron calcium imaging during odor stimulus
(Adapted from Chalasani 2007)

Chapter VI: Conclusions
To understand how organisms react to their environment, it is important for us to
have an intimate knowledge of the circuitry that underlies those decisions. To
understand why organisms act as they do, we must know how they take in information
about the world around them, how they sum up all of the disparate information sources
that they receive, and how they act on that information. To learn more about a circuit
such as this in a simpler system we have used C. elegans, a nematode with relatively
few neurons but a surprising depth of behavioral responses. The proper development of
the sensory to behavioral circuit in both the nematode and more complex organisms
requires axon guidance cues that enable developing neurons to find and synapse onto
their targets. Ephrin receptors and their ligands are cell-contact axon guidance cues,
and we have found that in the absence of ephrin signaling in the nematode, proper
connectivity of the sensory circuit is disrupted. The paired AIY interneurons are
important members of the sensory circuit as they receive inputs from sensory neurons
of multiple sensory modalities, and in ephrin mutants the connectivity between the left
and right AIY interneuron is disrupted. To explore this loss of connectivity we have
performed preliminary optogenetic experiments in order to assay whether ephrin
mutants have different Ca2+ dynamics when this connection is lost. Although data
collection is ongoing, we hope to make conclusions about the role of left-right
connectivity in sensory integration in the worm, and possibly in other organisms.
We also observed a behavioral phenotype in ephrin mutants in which the worms
circle on an agar plate, both on and off of food. This phenotype may be the result of
improper signaling of the sensory to behavioral circuit, or it may be a defect in motor

function in the sinusoidal movement of the nematode. To uncover the true cause of this
phenotype, future work must include exploration of the neurons that are affected by the
loss of ephrin signaling. In this study, we focused only on AIY interneuron morphology,
however defects have been seen in many other neurons in an ephrin mutant
background. If defects in a single neuron in the sensory pathway can be linked to this
circling phenotype, we can make assumptions about the effect of that neuron on the
sensory to behavioral circuit.

Chapter VII: Integrative Biology
Due to the wealth of knowledge that is already known about the C. elegans
nematode and the tools that have been developed for C. elegans research, it is no
surprise that this project is fairly integrative by nature. In the most basic sense, this
project started out as the exploration of the effects of mutating the Ephrin receptor and
its ligand on neuronal development. By observing single mutant neuronal defects we
can gain insight on the role of these genes in development. As I explored these ephrin
defects, more questions came about. Are there any functional defects in neuron activity
that go along with the defects in development that we see? From there I began to
develop our physiological experiments. If there are defects in neuronal activity, is there
a visible behavioral phenotype? From that question I began to explore the behavior of
the worms on and off of food, and observed a distinct difference in locomotion
strategies. Because the worm is such a tractable system to work with, each of these
questions could be easily fit into the research plan that I developed over my time at
Kennesaw State University. Although the neuronal circuitry of the worm is relatively
simple, true understanding of its function can only come through integrative
investigation of its properties.
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